Damage to the mitochondrial electron transport chain has been suggested to be an important factor in the pathogenesis
In the last few years, several reports indicated that long lasting stress affects synaptic plasticity, dendritic morphology and neurogenesis in animals (rev. in Kim and Yoon 1998) and induces both clinical and anatomical features of neurotoxic damage in humans (i.e. postraumatic stress disorder) (Sheline et al. 1996; Sapolsky 1996 ).
The precise mechanisms by which stress induces brain damage are still a matter of debate. The neurotoxic action of glutamate and other excitatory amino acids (EAA) mainly through N -methyl-D-aspartate (NMDA) receptor and the potentiation of their effects by glucocorticoids have been implicated in the pathogenesis of stress-induced brain injury (Sapolsky et al. 1990; Moghaddam 1993; Kim et al. 1996) . Garthwaite et al. (1988) demonstrated that NMDA receptor activation generates nitric oxide (NO), and after this initial observation it was postulated that an overproduction of this molecule is the link between the actions of EAA and the subsequent cell damage (Dawson et al. 1991; Nowicki et al. 1991) . In this context, not only constitutive formation of NO, but also inducible expression of iNOS has been found to occur in the brain during chronic stress Olivenza et al. 2000) .
It has been shown that free radicals such as NO and other oxygen-centered related species may damage a variety of cell macromolecules, including those which constitute the electron transport system, therefore disrupting mitochondrial function (Cleeter et al. 1994; Radi et al. 1994; Lizasoain et al. 1996; Bowling and Beal 1995) .
Since mitochondrial dysfunction and oxidative damage play important roles in several neurodegenerative diseases (rev. in Bowling and Beal 1995) , we sought to study whether repeated exposure to immobilization stress impairs these parameters in rat brain by using a stress paradigm which has been reported to cause neuronal damage (Magariños and McEwen 1995; Conrad et al. 1999) and to be useful in the study of neurobiological and behavioral consequences of traumatic stress (Telner and Singhal 1984; Bremner et al. 1991) .
MATERIALS AND METHODS

Animals
Adult male Wistar rats weighing 225-250 g at the beginning of the experiment were used. All experimental protocols adhered to the guidelines of the Animal Welfare Committee of the Universidad Complutense. The rats were housed individually under standard conditions of temperature and humidity and a 12 h light/ dark cycle (lights on at 8 AM ) with free access to food and water. All animals were maintained under constant conditions for four days prior to stress. Animals, food and water were weighed daily. Body weight and food ingestion was not significantly modified during the 21 days of repeated stress.
Immobilization Stress
Rats were exposed to stress between 9 AM and 3 PM in the animal homeroom. The immobilization was performed using a plastic rodent restrainer (Decapi-cone ® , Braintree) that allowed for a close fit to rats. The following restraint protocols were used six hours every day for 7, 14 or 21 days (S7, S14, S21) (Magariños and McEwen 1995) . Control animals were housed in a different room, not subjected to stress, but were accustomed to handling. Animals were sacrificed immediately after the last session of immobilization (still in the restrainer) using sodium pentobarbital.
Preparation of Submitochondrial Particles (SMP)
Rat forebrain mitochondria were prepared by a modification of the method of Partridge et al. (1994) . Animals were decapitated and brain cortices were rapidly removed and placed in ice-cold isolation buffer (0.15 M KCl, 20 mM potassium phosphate, pH 7.6). The brain mitochondria were prepared by manual homogenization in a glass-glass homogenizer and centrifugation (17000 g for 10 min) followed by a Ficoll gradient (10% w/v in isolation buffer) and ultracentrifugation (100,000 g for 45 min). The resultant pellet was resuspended in 3.5 ml of isolation buffer and centrifuged at 9800 g for 10 min at 4 Њ C. A suspension of freshly prepared mitochondria was exposed to three cycles of freeze-thaw to obtain a high yield of SMP.
Specific Activities of Mitochondrial Complexes
All enzyme assays were performed at 37 Њ C in a final volume of 1 ml, using a spectrophotometer (Beckman DU-7500). The activity of complex I-III (NADH-CoQ 1 reductase) was measured according to the method of Ragan et al. (1987) and of complex II-III (succinate-cytochrome c reductase) according to the method of King (1967) in SMP samples with 1 mg/ml of mitochondrial protein. These enzyme activities were expressed as nmol/min per mg of mitochondrial protein. The activity of cytochrome c oxidase (complex IV) was measured according to the method of Wharton and Tzagoloff (1967) , and expressed as k /min per mg of mitochondrial protein, where k is the first-order velocity constant ( k ϭ 2.3 log (A (time 0 ) / A (time 0 ϩ 1 min ) . min 
Citrate Synthase Activity
This activity was determined in SMP at a final protein concentration adjusted to 0.2 mg/ml. This assay is based on the chemical coupling of CoA-SH released from Acetyl-CoA during the enzymatic synthesis of citrate to Ellman's reagent, 5,5 Ј -dithio-bis-(2-nitrobenzoic) acid (Shepherd and Garland 1969; Robinson et al. 1987 ). The enzyme activity was measured using a Beckman DU-7500 spectrophotometer and expressed as nmol/ min per mg of mitochondrial protein.
Mitochondrial Respiration Measurements
Freshly SMP samples were incubated (0.5 mg protein/ ml) at 37 Њ C with continuous stirring in 2 ml buffer (50 mM potassium phosphate, 100 M EGTA, pH 7.2). NADH (50 M), succinate (5 mM) or ascorbate (5 mM) plus N,N,N Ј , N Ј -tetramethyl-p -phenylenediamine (TMPD, 0.5 mM) were used to quantify complex I-, II-, III-or IV-dependent respiration. SMP respiration was measured polarographically using a Clark-type oxygen micro-electrode (Model 5357, YSI Inc) (Lizasoain et al. 1996) .
ATP Production
The amount of ATP in forebrain samples was measured by using a commercial kit (Sigma). In short, ATP levels were determined in a Beckman DU-7500 spectrophotometer by measuring the decrease in absorbance at 340 nm that results when NADH is oxidized to NAD by the enzyme glyceraldehyde-3-phosphate dehydrogenase. The results were expressed as nmol per mg protein. (Cortas and Wakid 1990) and NO 2 Ϫ was determined by a colorimetric assay based on the Griess reaction (Green et al. 1982 ) in a Thermomax ® microplate reader (Molecular Devices). The measurement of NO x Ϫ levels has been found to be a reliable technique to determine the synthesizing capacity of NOS in brain (Salter et al. 1996) .
Brain
Characterization of iNOS by Western Blot
Tissues were homogenized as described (Olivenza et al. 2000) , and after centrifugation in a microcentrifuge for 15 min, the proteins present in the supernatant were loaded (10 g) and size-separated in 10% SDS-polyacrilamide gel electrophoresis (90 mA). The gels were processed against the Ags and after blotting onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA) were incubated with a specific polyclonal iNOS antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:1000 dilution). Proteins recognized by the antibody were revealed by ECL technique following manufacturer's instructions (Amersham Ibérica, Madrid, Spain).
Immunohistochemistry
Rats were anesthetized with sodium pentobarbital and perfused through the left ventricle with 200 ml of saline as a vascular rinse followed by 500 ml of fixative solution containing 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4. The brains were removed, postfixed for three hours in the same solution of paraformaldehyde at room temperature, and then cryoprotected by immersion overnight at 4 Њ C in 0.1 M PB containing 30% sucrose.
Brains were frozen and serial 40-m-thick frontal sections were cut with a Leitz sledge microtome. Freefloating sections of the whole brain were incubated with specific antiserum and processed by the avidinbiotin peroxidase complex (ABC) procedure (Guesdon et al. 1978; Hsu and Raine 1981; Rodrigo et al. 1994 ) to visualize immunoreactive sites for iNOS and for nitrotyrosine, a nitration product of peroxynitrite. All the free-floating sections were incubated for 30 min in phosphate-buffered saline (PBS) containing 3% normal goat serum (ICN Biochemicals, Barcelona, Spain) and 0.2% Triton X-100, and then in iNOS diluted 1:2500 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or in anti-nitrotyrosine diluted 1:1000 (Uttenthal et al. 1998) in PBS/triton X-100 overnight at 4 Њ C. After several washes in PBS, the sections were incubated with biotinylated goat anti-rabbit immunoglobulin for one hour. After washing, the sections were incubated with peroxidase-linked ABC (Vector Laboratories, Burlingame, CA, USA) for 90 min. The peroxidase activity was demonstrated by the nickelenhanced diaminobenzidine procedure (Shu et al. 1988 ).
Lipid Peroxidation
Lipid peroxidation was measured by the thiobarbituric acid test for malondialdehyde following the method described by Das and Ratty (1987) and modified by Colado et al. (1997) . Half forebrain was homogenized in 10 vols 50 mM phosphate buffer and deproteinized with 40% trichloroacetic acid (TCA), and 5M HCl, followed by the addition of 2% (w/v) thiobarbituric acid in 0.5 M NaOH. The reaction mixture was heated in a water bath at 90 Њ C for 15 minutes and centrifuged at 12000 g for 10 min. The pink chromogen was measured at 532 nm in a Beckman DU-7500 spectrophotometer. The results were expressed as nM per mg of protein basis.
Brain Glutathione Levels
Brain glutathione levels were measured as previously described (Anderson 1985) . Half forebrain was removed from the skull and frozen in ethanol. After that, tissues were rinsed in water and homogenized in 5% w/v 5-sulfosalycilic acid and centrifuged at 4500 g for five minutes. The supernatants were stored at 4 Њ C until assayed. This supernatant is oxidized by 6 mM 5,5 Ј -dithio-bis-(2-nitrobenzoic) acid (DTNB) to give reduced glutathione (GSSG) with stoichiometric formation of 5-thio-2-nitrobenzoic acid (TNB). GSSG is reduced to glutathione (GSH) by the addition of highly specific glutathione reductase (266 U/ml from stock enzyme with 143 mM sodium phosophate and 6.3 mM Na 4 -EDTA at pH 7.5) and 0.3M NADPH. The rate of TNB formation is measured at 412 nm in a Beckman DU-7500 spectrophotometer and is proportional to the sum of GSH and GSSG present. Results were expressed as nmol GSH / min per g tissue.
Treatment
A group of six animals were treated with aminoguanidine at doses (400 mg/kg i.p.) sufficient to achieve an in vivo inhibition of iNOS (Southan and Szabo 1996) for 14 days (days 7 to 21).
Protein Assay
Proteins were measured using bicinchoninic acid (Hill and Straka 1988) .
Chemicals and Statistical Analyses
Unless otherwise stated, the chemicals used were from Sigma (Madrid, Spain). Results are expressed as mean Ϯ SEM of the indicated number of experiments; statistical comparisons were made using a Newman-Keuls test and p Ͻ .05 was considered as statistically significant.
RESULTS
Effects of Stress on Mitochondrial Enzymatic Activities
As shown in Figure 1 , mitochondrial complex I-III activity was significantly decreased as early as seven days of repeated exposure to restrain stress. Complex II-III activity decreased after two weeks of stress exposure (Figure 1) . However, long-term stress did not significantly alter the specific activity of complex IV ( Figure  1 ). The activity of the mitochondrial marker citrate synthase was not affected by stress (14 days of stress -S14-: 5.6 Ϯ 0.8; 21 days of stress -S21-: 6.5 Ϯ 1.3, p Ͼ .05 vs. control: 6.3 Ϯ 1.4 pmol / min per mg protein).
In spite of the stress-induced decrease in enzymatic activity of the first complexes of the mitochondrial chain, there were no differences in oxygen consumption by the three complexes studied (complex I/III control: 16. ences in brain ATP production in control: 0.9 Ϯ 0.2 vs. 21 days stressed rats: 1.3 Ϯ 0.2 nmol /min per mg protein, p Ͼ .05 (n ϭ 6).
Effects of an iNOS Inhibitor on Stress-Induced Mitochondrial Impairment
In view of the impairment of the activity of mitochondrial complexes, we studied the possible role of NO in mitochondrial deficiency caused by prolonged stress exposure. Exposure to stress produced an accumulation of NO metabolites -NO 2 Ϫ and NO 3 Ϫ -in brain tissue in our model (Figure 2) , as well as the expression of iNOS protein in cortex (Figure 3 ) and the appearance of different immunoreactive cortical structures after 21 days of immobilization (Figure 3) . iNOS immunoreactive cells with a neuronal morphology of pyramidal and fusiform cells were found in layers II to VI of the cortex. Nitrotyrosine immunoreactive cells were also found at 21 days of stress in various cortical areas with morphology of pyramidal cells (Figure 3) . No immunostaining was found in sections taken from brains of control animals (data not shown). A more detailed explanation of the morphological changes based in immunohistochemical studies has been recently published (Olivenza et al. 2000) .
Treatment with the preferred iNOS inhibitor aminoguanidine (400 mg/kg ip daily) prevented the accumulation of NO x Ϫ (Figure 2 ), as well as the decreases in complexes I-III and II-III induced by long-term exposure to stress (Figure 1 ).
Effects of Stress on Oxidative/Nitrosative Markers. Effect of Aminoguanidine
The previously described accumulation of NO metabolites in brain cortex induced by stress was paralleled by an increase in lipid peroxidation, as demonstrated by the accumulation of the aldehydic product of lipid peroxidation malondialdehyde (MDA) levels in brain tissue that we have found in this particular experimental model (166% of control levels after 21 days of stress, Figure 4 ). We also studied the cellular antioxidant status by measuring the levels of glutathione. We have found that stress (S21) decreases brain GSH levels by 36.7% as compared with control rats (Figure 5 ). Pharmacological inhibition of iNOS with aminoguanidine prevented the accumulation of MDA ( Figure  4 ) and GSH depletion found after 21 days of stress (Figure 5 ).
DISCUSSION
We have studied the susceptibility of the mitochondrial respiratory chain complexes in rat brain exposed to a chronic restrain stress paradigm. Our results reveal that NO produced in this condition gives rise to a marked ) levels in brain cortex of control and stressed rats for 7, 14 and 21 days (S7, S14, S21) and 21 days-stressed rats receiving a daily dose of 400 mg/kg i.p. of aminoguanidine (AG). The data represent the means Ϯ S.E.M. of six rats. * p Ͻ .05 vs. control, # p Ͻ .05 vs. S21 (Newman-Keuls test).
inhibition of the first complexes of the mitochondrial respiratory chain. The deleterious effects of stress on mitochondrial functioning appear to be sequential and cumulative, affecting primarily-after seven days-to complex I and afterwards-14 days-to complex II. In this work we have used a classical stress paradigm for three weeks, used by others to describe specific neuronal damage induced by stress (Magariños and McEwen 1995; Conrad et al. 1996; Magariños et al. 1997; Conrad et al. 1999) .
The mitochondrial marker citrate synthase activity was not significantly affected by stress, indicating that at this time of repeated stress the mitochondrial structure was still intact, with no leakage of mitochondrial matrix components. Magariños et al. (1997) , using the same model that we used here, found that stress did not affect the number of neuronal mitochondria; however, the total area occupied by mitochondria increased slightly after the stress paradigm. Although this has not been demonstrated, it suggests that a longer duration of stress could compromise ATP synthesis.
Recent reports indicate that the overall capability of mitochondria to maintain energy homeostasis might not be affected unless a certain threshold of decreased complex activity has been reached (Davey and Clark 1996) . According to this study, complex I and complex III activities could be decreased by 72% and 70% respectively before major changes in mitochondrial respiration and ATP synthesis took place. In agreement with this, inhibition of 69% in complex I-III and 67% in complex II-III activities that we have found in our model did not alter oxygen consumption or ATP production. Such decreases are theoretically in the limit of brain mitochondria to face this kind of stressful stimulus. These findings are in agreement with previous reports indicating that 21 days of repeated stress causes neuronal damage that reverts to baseline after 7-10 days (Conrad et al. 1999) It is well known that mitochondrial oxidative phosphorylation system generates free radicals (rev. in Forman and Azzi 1997) and the electron transport chain itself is vulnerable to damage by free radicals (rev. in Bowling and Beal 1995) . Therefore, the oxidative damage induced by stress may be either the cause or the consequence of the mitochondrial dysfunction. The reported increase in brain NO production by stress-induced iNOS expression (Olivenza et al. 2000 ) is likely to inhibit reversibly mitochondrial respiration as it has been reported to occur in brain mitochondria (Lizasoain et al. 1996) . Interestingly, superoxide (O Ϫ 2 )-a by-product of mitochondrial respiratory chain-increases in the presence of inhibitors as NO (Poderoso et al. 1996) . Thus, a sustained production of NO, together with this resulting formation of O Ϫ 2 may, because of formation of peroxynitrite (ONOO Ϫ ) within the mitochondria, likely be cause of the irreversible inhibition of complexes I-III and II-III (Lizasoain et al. 1996 ) that we have found.
This sustained mitochondrial inhibition would potentiate ONOO Ϫ formation, leading to the depletion of antioxidant defenses (thiols such as GSH) (Radi et al. 1991b ) and initiation of lipid peroxidation (Radi et al. 1991a; Darley-Usmar et al. 1992) . Lipid peroxidation could cause structural damage to membranes, including those which form mitochondria, and potentiate their dysfunction.
On the other hand, an initial formation of large amounts of oxygen and nitrogen reactive species during stress may also initiate lipid peroxidation (Braughler and Hall 1989) as it has been demonstrated to occur in brain (Liu et al. 1996) liver and heart (Hu et al. 2000) . Since the complexes are membrane-bound and sensitive to the lipid microenvironment (Fry and Green 1980; Figure 5 . Effect of immobilization exposure on glutathione (GSH) levels in brain cortex of control and stressed rats for 7, 14 and 21 days (S7, S14, S21) and 21 days-stressed rats receiving a daily dose of 400 mg/kg i.p. of aminoguanidine (AG). The data represent the means Ϯ S.E.M. of six rats. * p Ͻ .05 vs. control; # p Ͻ .05 vs. S21 (Newman-Keuls test). Keller et al. 1997) , oxidative damage to the inner mitochondrial membrane may also be involved in mitochondrial impairment. In addition, an increase in lipid peroxidation may be also due to an insufficiency of the protective antioxidant systems (mainly GSH), which are also depleted by ONOO Ϫ (Radi et al. 1991b ). Thus, the decrease in brain GSH (~37 %) that occurs after chronic stress exposure could be of great importance in the decrease in mitochondrial respiratory chain complex activity reported here, and confirms their sensitivity to cellular antioxidant status (Bolaños et al. 1996) .
Besides causing cell membrane damage, lipid peroxidation has been also shown to be involved in excitotoxicity by several mechanisms, including a sequence of events that involves decreased ATP levels, reduced Na block of NMDA associated channels and damage of glutamate transporters (Keller et al. 1997; Mark et al. 1997 ). This can be, at least in part, one of the mechanisms of the reported decrease in glutamate uptake after stress exposure Olivenza et al. 2000) .
Such accumulation of NO and the possibility of synthesis of related species during stress is likely to be due to a powerful source as the high output inducible NOS isoform as we have demonstrated. The finding of the effects of aminoguanidine preventing the inhibition of the activity of the mitochondrial respiratory chain, the increase on MDA, the depletion on GSH and the accumulation of NO x Ϫ , strongly suggests that this NOS isoform is involved in tissue damage in this particular experimental model. In addition, we cannot discard that a certain contribution to these findings may result from direct antioxidant effects of aminoguanidine. The mechanisms of iNOS induction during stress remains to be elucidated, but it has been shown that several iNOS inductors such as cytokines are released in brain of stressed animals (Shintani et al. 1995) . On the other hand, stress-induced glutamate release might be involved in iNOS expression, similarly to what we have found in rat forebrain slices exposed to oxygen-glucose deprivation (Cárdenas et al. 2000) .
In conclusion, the results of this study suggest that a sustained overproduction of NO via iNOS is responsible, at least in part, of some of the deleterious effects caused by stress in brain mitochondria. Further studies should determine whether specific inhibition of iNOS would be of therapeutic benefit in this condition of vast overproduction of NO.
